1. Introduction {#sec1}
===============

Sepsis, characterized by uncontrolled systemic inflammation probably causing life threatening organ dysfunction induced by infection, is still a worldwide major health problem with high incidence rates and mortality rates \[[@B1]\]. During sepsis, the hypothalamic-pituitary-adrenal axis (HPAA) is activated as a homeostasis-sustaining mechanism for maintaining vascular tone, endothelial integrity, and vascular permeability \[[@B2]\]. Absolute adrenal insufficiency (AAI), characterized by low cortisol baseline level and no response to ACTH stimulation, exists in some of the cases, especially in those with primary adrenal gland deficiency. But in most of the cases of sepsis, cortisol levels may increase. Yet the cortisol production might be still inadequate and far from enough sometimes, which is defined as "relative adrenal insufficiency" (RAI) \[[@B3], [@B4]\]. Clinical manifestations of RAI include refractory hypotension despite adequate fluid resuscitation and vasopressor therapy, inexplicable noninfective fever, and electrolytic abnormalities \[[@B5], [@B6]\]. Also, RAI occurs during the late stage of polymicrobial sepsis induced by CLP in rats \[[@B7], [@B8]\]. RAI is reported to be associated with increased mortality in sepsis \[[@B9]--[@B11]\]. Corticosteroid therapy might be an offer to benefit patients of sepsis with adrenal insufficiency \[[@B12], [@B13]\]. However, the lack of evidence for the underlying mechanism and a beneficial effect on mortality, not to mention the potential side effects of inducing gastroduodenal bleeding, superinfection, hyperglycaemia, hypernatraemia, neuromuscular weakness, etc., makes the corticosteroid therapy still a quite controversial issue nowadays \[[@B1], [@B14], [@B15]\].

Over the long history of human society, infectious diseases always take centre stage of fight with illness. Septic shock might be even more common dating back to the times when there was lack of effective modern medical technology. Traditional Chinese medicine has been used for thousands of years in China for multiple diseases including sepsis and septic shock, of which Sini Decoction (SND) is one of the most classical formulas, characterized by the essential effect of recuperating patients from collapse. SND was first recorded in*Shang Han Lun*, which is also called "Treatise on Exogenous Febrile Diseases", the oldest monograph on infectious diseases written at the end of the Han dynasty dating back to 150-219 AD. And SND has been officially documented in China pharmacopoeia as a therapy for rescuing from collapse by restoring Yang and warming to dispel cold \[[@B16]\]. Studies reported that SND was effective in alleviating inflammatory response, ameliorating microcirculatory disturbances, and improving shock reversal and adrenal gland glucocorticoid stress response during sepsis shock, yet the underlying mechanism is still elusive \[[@B17]--[@B19]\].

Toll-like receptors (TLR) have been documented to be essential pattern-recognition receptors to initiate host defence against bacterial infections. They are documented to be expressed not only on immune cells but also on endocrine cells such as hypothalamus as well as pituitary and adrenal gland. Of the TLR, TLR4 is demonstrated as not only one of the most substantial receptors in activation of the HPAA during sepsis, but also a critical receptor to regulate the immune-adrenal crosstalk in sepsis \[[@B20], [@B21]\]. Stimulation of TLR4 on adrenocortical cells resulted in production of inflammatory factors including IL-8, TNF-*α*, and IL-6 in a dose-dependent way \[[@B22]\]. TLR4 also correlates with the corticosterone secretion and the impaired adrenal glucocorticoid responses in sepsis \[[@B20]\].

In the present study, we assessed the protective effects of SND on mortality and adrenal function in CLP septic rats. Furthermore, the mechanisms for these protective effects were explored by targeting TLR4.

2. Materials and Methods {#sec2}
========================

2.1. Animals {#sec2.1}
------------

Sprague-Dawley male rats (220-250 g) were purchased from Experimental Animal Center of Guangdong Province, housed in pathogen-free environment, and acclimated to a 12-hr light/dark cycle for five days. Rat chow and water were provided ad libitum until the time of surgery. All experiments were approved by the Ethics Committee of Experimental Animal of Guangdong Provincial Hospital of Chinese Medicine (permit number: 2016020) and complied with the regulations of "Guide for the Care and Use of Laboratory Animals" formulated by the National Institutes of Health.

2.2. Chemicals and Reagents {#sec2.2}
---------------------------

*Radix Aconiti Lateralis Preparata, Rhizoma Zingiberis,*and*Radix Glycyrrhizae*were offered by the pharmaceutical department of Chinese herbal medicine of Guangdong Provincial Hospital of Chinese Medicine. Anti-TLR4 antibody (Cat. ab30667) was supplied by Abcam (USA). Total RNA Kit II was provided by Omega (USA). PrimeScript™ RT reagent kit was purchased from Takara Biotechnology Co., Ltd. (Dalian, China). The DNA ladder/marker (25-500 bp) was obtained from Shanghai Sangon Biological Engineering Co., Ltd. (Shanghai, China). PVDF membranes were purchased from Millipore (MA, USA). Rat tumor necrosis factor- (TNF-) *α* and interleukin- (IL-) 10 enzyme-linked immunosorbent assay (ELISA) kits were offered by Dakewe Biotech Company (Shenzhen, China). Rat Cortisol ELISA kits were obtained from BioVision (California, USA). Rat ACTH ELISA Kits were purchased from Cusabio Biotech Company (Wuhan, China).

2.3. Preparation of Sini Decoction {#sec2.3}
----------------------------------

*Radix Aconiti Lateralis Preparata, Rhizoma Zingiberis,*and*Radix Glycyrrhizae*(3:2:2) were immersed in distilled water (1 g: 20 ml) and boiled gently for 1 h twice. The two extracts were filtered, combined, condensed into 2 g/ml (the content of crude drug in the decoction, for the high-dose SND group) and 1 g/ml (for the low-dose SND group), respectively, and stored at 4°C before use.

2.4. Cecal Ligation and Puncture {#sec2.4}
--------------------------------

The CLP surgery procedure was performed generally as follows: Rats were fasting 24 hours before surgery but allowed water ad libitum. Then they were anesthetized with an intraperitoneal dose of 3% pentobarbital (30 mg/kg body weight). A 3 cm midline laparotomy was performed after abdomens were shaved and disinfected to expose the cecum. The cecum was then gently isolated and exteriorized, and the membrane between the cecum and the mesentery was carefully cut to release the cecum. Then 25% of the cecum was ligated distally to the ileocecal valve with a 4-0 silk tie so as not to cause intestinal obstruction. Three punctures were made with an 16-gauge needle, and a small amount of the cecal contents was forced out of the cecum by squeezing. The ligated and punctured cecum was replaced into the abdominal cavity. The sham group animals underwent laparotomy without ligation or perforation. The anterior peritoneal wall and all skin incisions were closed in two layers with 3-0 silk sutures. The animals received an instant subcutaneous injection of 3 ml/100 g body weight normal saline for fluid resuscitation.

2.5. Grouping and Treatment {#sec2.5}
---------------------------

According to a random number table, 70 rats were randomly divided into 4 groups (n = 10 rats for the sham group, n = 20 rats for the rest groups): sham operation group (sham group), cecal ligation and puncture group (CLP group), high-dose Sini Decoction group (HD-SND group), and low-dose Sini Decoction group (LD-SND group). Sepsis was induced in the CLP and the two SND treatment groups by cecal ligation and puncture. For SND treatment groups, the rats received intragastric administration of SND (low dose: 10 g/kg, with a SND concentration of 1 g/ml; high dose: 20 g/kg, with a SND concentration of 2 g/ml) every day for 3 days from the day after operation. The sham group and the CLP group were administered with 10 ml/kg body weight of distilled water once a day instead ([Table 1](#tab1){ref-type="table"}).

2.6. Tissue Collection and Blood Sampling {#sec2.6}
-----------------------------------------

4 days after surgery, rats in each group were anesthetized by 3% pentobarbital (30 mg/kg body weight), and ACTH 0.8 ug/kg body weight was injected intraperitoneally to each rat. 0.5 ml of blood samples was taken from a catheter inserted into the right carotid artery right before and 30 mins after the injection of ACTH, respectively. And the rats were sacrificed 60 mins after ACTH injection. Blood was taken from the left ventricular cavity and abdominal aorta; plasma was isolated by centrifugation at 1600 g for 10 min. Adrenal gland tissues were removed from the abdominal cavity, washed with saline solution, dried with filter paper, and weighed. The plasma and tissues were stored at -80°C until needed for subsequent experiments. All procedures were done in groups of five to eight rats from 9 am to 12 am.

2.7. Survival Studies {#sec2.7}
---------------------

All rats were allowed food and water ad libitum and monitored for 4 days after the surgery. The survival rates were evaluated daily for the 4-day period.

2.8. Determination of Serum Levels of TNF-a, IL-10, ACTH, and Corticosterone {#sec2.8}
----------------------------------------------------------------------------

Serum levels were measured by ELISA kits according to the manufacturer\'s instructions. The optical density was measured at a wavelength of 450 nm using a reference wavelength of 540 nm by automated enzyme-linked immunosorbent assay readers. Cytokines are expressed in pg/ml (TNF-a, IL-10, and ACTH) and ng/ml (corticosterone). All standards and samples were run in duplicate.

2.9. Western Blot of TLR4 Expression in Adrenal Glands {#sec2.9}
------------------------------------------------------

Adrenal glands were snap frozen in liquid nitrogen, pulverized, and resuspended in ice-cold lysis buffer (Solarbio, Beijing, China). Protein concentrations were determined with the BCA method. Lysates were allowed to solubilize on ice for 30 min, and particulate mass was removed by centrifugation at 15,000 x g for 15 min at 4°C. Samples were subjected to SDS-PAGE, and proteins were transferred to polyvinylidene fluoride (PVDF) membranes. Blots were blocked with 5% bovine serum albumin in TBS containing 0.5% Tween 20 (TBST) for 2 h and then incubated with an 1:1000 dilution of primary antibody for TLR4 overnight at 4°C on a rocker. After three times of 10 min washing with TBST, the blots were incubated with a 1:5000 dilution of HRP-conjugated species-specific respective secondary antibody for 1 h at room temperature. After another three times of 10 min washing with TBST, protein bands were visualized by chemiluminescence and then densitometric analysis was done by using Kodak IS4000R Imaging Station.

2.10. Quantitative Real-Time PCR Assay for RNAs of TLR4, TNF-a, and IL-10 {#sec2.10}
-------------------------------------------------------------------------

Total RNA was extracted from the adrenal gland tissues of each group following the manufacturer\'s instructions of Total RNA Kit II (Omega, USA). RNA was reverse-transcribed to cDNA and mixed with SYBR Green PCR mastermix (TOYOBO, Osaka, Japan) and the primers listed in [Table 2](#tab2){ref-type="table"}. The thermal cycling conditions were as follows: 30 cycles of 94°C for 30 s, 55°C for 30 s, and then 72°C for 1 min. GAPDH was used as the endogenous reference gene to normalize the data.

2.11. Statistical Analysis {#sec2.11}
--------------------------

Data from western blot and quantitative real-time PCR assay were normalized to control values and reported as percentage of the baseline values. Other numerical results were presented as mean ± SD. Levene\'s test was performed to assess the equality of variances between each group. The statistical significance of the above results was analyzed by one-way ANOVA followed by Tukey post hoc comparison, repeat measure of General Linear Model, or paired T test in time when appropriate. Significance of the differences between cumulative survival rates among groups was determined by log-rank test and the survival curve with the Kaplan-Meier method. SPSS (version 21.0, Chicago, IL, USA) for Windows was used for statistical analysis. Differences in values were considered significant if*P* \< 0.05.

3. Results {#sec3}
==========

3.1. HD-SND Improved Survival Rates of CLP Induced Sepsis Rats {#sec3.1}
--------------------------------------------------------------

The cumulative survival rates up to 4 days after surgery of different groups are shown in [Figure 1](#fig1){ref-type="fig"}, with a 4-day postoperative survival rate of 100% for the sham group, 80% for the HD-SND group, 65% for the LD-SND group, and 45% for the CLP group. The cumulative survival rates of the sham and HD-SND groups (P \< 0.01 and P \< 0.05, respectively) were significantly higher than the CLP group, while no significant differences were identified between the LD-SND group and the CLP group (P \> 0.05).

3.2. SND Improved Adrenocortical Responsiveness to Exogenous ACTH {#sec3.2}
-----------------------------------------------------------------

There was no significant difference in plasma level of corticotropin and corticosterone between the four groups before exogenous corticotropin injection (P \> 0.05). After 0.8 ug/kg ACTH injection into the abdominal cavity, similar trends were found in corticosterone of the sham, LD-SND, and HD-SND groups, increasing significantly at 30 mins and 60 mins compared to the baseline of the respective group (*P* \< 0.05). In contrast, the CLP group showed a blunted corticosterone secretion in response to ACTH stimulation (P \> 0.05) ([Figure 2](#fig2){ref-type="fig"}). Compared to the CLP group, significant differences were found in the increase of corticosterone in the sham group (*P* \< 0.05 at 30 mins,*P* \< 0.01 at 60 mins), the LD-SND group (*P* \< 0.05 at 60 mins), and the HD-SND group (*P* \< 0.05 at 60 mins) ([Figure 3](#fig3){ref-type="fig"}).

3.3. SND Suppressed TLR4 Expression in Adrenal Tissues {#sec3.3}
------------------------------------------------------

The protein and mRNA expression of TLR4 in rat adrenal glands significantly increased in CLP group comparing to the sham group (P \< 0.01). However, the protein and mRNA expression of TLR4 significantly decreased with SND therapy comparing with the CLP group (P \< 0.05) ([Figure 4](#fig4){ref-type="fig"}).

3.4. SND Decreased TNF-*α* and IL-10 Levels in the Adrenal Glands {#sec3.4}
-----------------------------------------------------------------

As shown in [Figure 5](#fig5){ref-type="fig"}, CLP procedure led to significant increases in mRNA levels of IL-10 and TNF-a. Of note, CLP induced alterations of cytokines were remarkably suppressed by SND therapy at the transcriptional levels in adrenal glands ([Figure 5](#fig5){ref-type="fig"}).

3.5. SND Decreased Plasma TNF-a Levels {#sec3.5}
--------------------------------------

Compared to the sham group, significant increase of the plasma TNF-a level was seen in the CLP group (P \< 0.01, [Figure 6](#fig6){ref-type="fig"}). Compared to the CLP group, the plasma TNF-a level was dramatically reduced with SND therapy, and significant differences were found between the HD-SND group and the CLP group (P \< 0.05). However, there were no significant differences in plasma IL-10 levels among all four groups ([Figure 6](#fig6){ref-type="fig"}).

4. Discussion {#sec4}
=============

The results of the present study provided the first evidence of SND that protects against sepsis and sepsis-induced adrenal dysfunction in rat model by downregulation of TLR4. The main findings of this study were that SND could improve short-term survival rates, attenuate adrenal stress responses, and downregulate local TLR4, TNF-*α*, and IL-10 expression in adrenal tissue induced by CLP. These results suggested that SND may be a potential protective therapy for sepsis.

CLP model is a typical self-infection model of induced sepsis by local abdominal infection originated from the leaked cecum after surgery of ligation and puncture on the cecum. Due to the simplification and the high-degree similarity to human sepsis of the operation, CLP model has been considered as the gold standard animal model in sepsis study universally \[[@B23], [@B24]\]. Improvement of survival is always regarded as the most solid and direct judgment for sepsis therapy. In the present study, the mortality rate of the CLP group within 4 days was 55%, and with the SND treatments the survival rates could be improved, demonstrating the efficacy of SND therapy to protect lethal sepsis in CLP rats.

Sepsis causes systemic inflammation-related dysregulation of not only the lung, kidney, heart, etc. but also the HPAA \[[@B20]\]. When there is no stress, cortisol is secreted in a diurnal pattern. But when there is a great stress, severe sepsis, for example, the diurnal rhythm disappears. Inflammatory cytokines, such as IL-6 and TNF-*α*, can stimulate the HPAA both in physiological and in pathological ways. Physiologically, adequate amount of inflammatory cytokines stimulates the hypothalamus to release corticotrophin releasing factor (CRF), which promotes the anterior pituitary gland to produce ACTH; ACTH activates the adrenal cortex to produce glucocorticoids and other steroids. At the same time, glucocorticoids inhibit the HPAA through a feedback mechanism so as to maintain a dynamic balance in neuroendocrine-immune regulation \[[@B5]\]. Pathologically, for example, in sepsis, the sudden outbursts of inflammatory cytokines stimulate the HPAA to increase secretion of cortisol and lose its circadian rhythm as a crucial adaptation component to maintain homeostasis in a stress situation \[[@B25]\]. And it has been documented that the dysregulation of HPAA also occurs in the late stage of polymicrobial sepsis in CLP rats \[[@B7], [@B8]\]. In the present study, the sham group rats showed a relatively normal level of corticosterone with a sound response to ACTH stimulation, while the CLP rats showed adrenal dysfunctions 4 days after surgery including increased baseline plasma corticosterone and suppression of adrenocortical sensitivity to ACTH. The above-mentioned results are consistent with the documented changes in experimental study about adrenal function in sepsis at 4 days \[[@B8]\]. And with SND therapy the suppressed adrenocortical sensitivity to ACTH is progressively improved.

And it has also been reported that corticosterone secretion and adrenocortical responsiveness to ACTH in the pm hours (1630\~1800 hrs) were greater than in the am hours (0800\~1000 hrs) in the sham group compared to the CLP group, while the CLP rats lost the diurnal rhythm in cortisol and showed no pm to am difference within 1 week after CLP procedure \[[@B8]\]. In the present study, all the blood samples of corticosterone were taken during the forenoon, so the significance of difference in corticosterone between groups may be less obvious according to study of Carlson et al. Nevertheless, the differences between SND groups and the CLP group still showed statistical significance.

Data indicate that TLR are critical receptors mediating inflammatory responses to infection. TLR4 is one of the TLR families and is involved in the recognition of lipopolysaccharide (LPS), innate immunity, and inflammation signaling \[[@B26]\]. And TLR4 is also found to play a crucial role in immune-adrenal crosstalk, modulating adrenal glucocorticoid stress response during infections \[[@B20], [@B21], [@B26]\]. The HPAA function impairs at the adrenal level due to the systematic absence of TLR4 \[[@B21]\]. But TLR4 is involved not only in a pituitary-dependent way. The fact that many critical ill patients maintain normal or even elevated level of glucocorticoids while the CRH and ACTH levels are suppressed suggests the adrenal stress response regulation of neuroendocrine circuits prevails by the regulation of the local intra-adrenal regulation \[[@B27]\], especially in late sepsis \[[@B20]\]. Structurally, TLR4 is found to be expressed in adrenal cells, both in human and in rats \[[@B26], [@B28]\]. Furthermore, direct stimulation with TLR4 ligands on human adrenocortical cell can cause a dose-dependent secretion of cortisol \[[@B29]\]. Meanwhile, TLR4 overexpression in human adrenocortical cells directly leads to impairment of cortisol and aldosterone production \[[@B30]\]. In the present study, TLR4 protein and mRNA expression in adrenal tissue were significantly decreased with SND therapy comparing with the CLP group, with an improvement in adrenal responsiveness and survival rates in SND groups. It seemed that SND therapy helped the adrenal TLR4 to stay at relatively appropriate levels and helped the adrenal stress systems to remain in competent coordinated response, which might be crucial for survival in sepsis.

It is documented that adrenal gland acts not only as the action site of numerous cytokines, but also as the synthesis site of cytokines \[[@B26]\]. Stimulation of TLR4 on adrenocortical cells could result in induction of TNF-*α*, IL-6, and IL-8 in a dose-independent way \[[@B22]\]. In the present study, along with the downregulation of TLR4 expression in the adrenal glands, the mRNA expression of TNF-*α* and IL-10, the typical representative of proinflammatory cytokines and anti-inflammatory cytokines, respectively, was also downregulated. And it has been reported that the levels of TNF-*α* in adrenal tissue of CLP mice are associated with the severity of adrenal inflammation, adrenal incapacitation, and mortality \[[@B31]\], which are in accordance with the results of the present study. And the serum TNF-*α* levels were decreased with SND therapy in the present study, indicating the probability of systematic inflammation alleviation, in accord with the result of Xu et al. study \[[@B17]\].

It is worth noting that the underlying mechanism of adrenal TLR4 expression downregulation by SND is still elusive. And also we are conscious of the limitations of the present study performed solely in rats. Further studies involving human tissues on underlying mechanism are required.

5. Conclusion {#sec5}
=============

The results of this study indicate that relative adrenal dysfunction as indicated by interrupted circadian rhythm corticosterone secretion and suppressed responses to exogenous corticotropin occurs during the late stage of polymicrobial sepsis. And 3-day administration of SND raised the net increase of plasma corticosterone in plasma after exogenous corticotropin stimulation and improved 4-day mortality of CLP rats. The mechanism of these SND protective effects on sepsis may be through downregulation of adrenal TLR4 expression. Therefore, SND might be a potential therapy to improve adrenal responsiveness and the outcome of sepsis.
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Supplementary Materials {#supplementary-material-1}
=======================

###### 

Chemical profiling of main constituents in SND, using ultrahigh pressure liquid chromatography coupled with LTQ Orbitrap mass spectrometry. 17 main constituents were profiled by comparing the mass information with those reported in literatures \[[@B32], [@B33]\].

###### 

Click here for additional data file.

![**Survival rates between 4 groups** (n = 10 for the sham group, n = 20 for the rest three groups) within 4 days. *∗∗P* \< 0.01 versus sham group; \#*P* \< 0.05 versus CLP group.](ECAM2018-5186158.001){#fig1}

![**Comparison of plasma corticosterone from the time before ACTH stimulation to 60 mins after ACTH stimulation between the four groups** (n = 7 per group,*P* = 0.58 by Repeated Measures of General Linear Model). ○*P* \< 0.05 versus T~0~ values of the respective group (by paired T test).](ECAM2018-5186158.002){#fig2}

![**Comparison of plasma ACTH (n = 7 per group) and the increase of serum corticosterone (n = 7 per group) 30 mins and 60 mins after ACTH stimulation between the four groups, all comparing to other groups of the respective time**. *∗P* \< 0.05 versus sham group; *∗∗P* \< 0.01 versus sham group; \#*P* \< 0.05 versus CLP group.](ECAM2018-5186158.003){#fig3}

![**TLR4 protein and mRNA expression in adrenal tissue 4 days after CLP** (n = 4 per group). *∗P* \< 0.05 versus sham group; *∗∗P* \< 0.01 versus sham group; \#*P* \< 0.05 versus CLP group; \#\#*P* \< 0.01 versus CLP group.](ECAM2018-5186158.004){#fig4}

![**TNF-a and IL-10 mRNA expression in adrenal tissue 4 days after CLP** (n = 4 per group), *∗∗P* \< 0.01 versus sham group; \#*P* \< 0.05 versus CLP group; \#\#*P* \< 0.01 versus CLP group.](ECAM2018-5186158.005){#fig5}

![**Comparison of the mean levels of IL-10 and TNF-a in the plasma of rats with different treatment**. Data are presented in pg/mL as the mean ± standard deviation (n = 5 per group). *∗∗P* \< 0.01 versus sham group; \#*P* \< 0.05 versus CLP group.](ECAM2018-5186158.006){#fig6}

###### 

Oral administration of medicine was conducted once a day for 3 days, starting from the day after induction of CLP.

  **Group**   **N**   **Operation**   **Oral administration**
  ----------- ------- --------------- ---------------------------
  Sham        10      Sham            Distilled water (10ml/kg)
  CLP         20      CLP             Distilled water (10ml/kg)
  LD-SND      20      CLP             Low dose of SND (10g/kg)
  HD-SND      20      CLP             High dose of SND(20g/kg)

###### 

Primers list for real-time PCR analysis.

  Gene    Primer   Sequence (5′\~3′)
  ------- -------- -------------------------
  TLR4    F        GGGGCAGTAGTAGGTGCTCAA
          R        GCCTGTGTTCAGTTTCCATTC
  TNF-a   F        GCGCCCAGCCTTCCTTAC
          R        GCCCCGGCCTTCCAAATAAATAC
  IL-10   F        TTGAACCACCCGGCATCTAC
          R        CCAAGGAGTTGCTCCCGTTA
  GAPDH   F        GATGCAGAAGGAGATCACTGC
          R        ATACTCCTGCTTGCTGATCCA

F: forward primer; R: reverse primer.
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